An analysis of satellite microwave brightness temperatures at 85 GHz (37 GHz) shows that these temperatures sometimes vary by more than 30 K (15 K) within 1 or 2 days at a single location over Arctic sea ice. This variation can be seen in horizontal brightness temperature distributions with spatial scales of hundreds of kilometers, as well as in brightness temperature time series observed at a single location. Analysis of satellite observations during winter shows that such brightness temperature warming frequently occurs in the Arctic Ocean, particularly in regions over which low pressure systems often pass. By comparing the observed microwave brightness temperature warming with ground-based measurements of geophysical variables collected during the Surface Heat Budget of the Arctic (SHEBA) experiment and with numerical prediction model analyses from the European Centre for Medium-Range Weather Forecasts (ECMWF), it is found that brightness temperature anomalies are significantly correlated with clouds and precipitation. This finding raises the possibility of using satellite microwave data to estimate cloud liquid water path and precipitation in the Arctic. Factors contributing to the brightness temperature warming were examined, and it was found that the primary contributors to the observed warming were cloud liquid water and surface temperature change.
Introduction
Better knowledge of clouds and their radiative properties in the Arctic is of great importance to our understanding of the regional and global climate . However, because of the harsh environment, ground-based measurements of the atmosphere and the snow-covered sea ice are sparse in this region. Although there is an ample amount of remotely sensed data from polar-orbiting satellites, the interpretation and quantitative analysis of these data remain a major challenge because of the difficulty in distinguishing between clouds and snow/ice surface using satellite infrared and visible observations (Raschke 1987; Raschke et al. 1992) . Because solar radiation is absent during a large portion of the year, satellite observations from visible channels encounter a major drawback in polar regions. Satellite infrared observations are hampered by the fact that frequent atmospheric temperature inversions make it difficult to separate clouds from the snow/ice surface. Consequently, state-of-the-art analyses of cloud prop-erties and cloud radiative forcing have the largest errors in the Arctic (Rossow et al. 1993; Ramanathan et al. 1989 ). In addition, significant differences exist between surface-observed and satellite-inferred climatologies of Arctic clouds (Schweiger and Key 1993; Rossow et al. 1993; Mokhov and Schlesinger 1994) and the disagreement may be partially attributed to the mismatch between satellite and surface measurements. Therefore, improvements in the interpretation of satellite observations are highly desirable for climate research in the Arctic.
A comprehensive review of the characteristics of Arctic clouds and their radiative feedbacks has been given by Curry et al. (1996) . The formation mechanisms of Arctic clouds vary with region and the characteristics of the underlying surface. Clouds in the marginal ice zone, particularly during autumn when baroclinic effects are the strongest, are frequently associated with frontal systems and may be convective in nature (Curry et al. 1990) . Over the Arctic Ocean, formation of mid-and upper-level clouds are believed to be closely associated with frontal systems (Curry and Herman 1985) . The wintertime maximum and summertime minimum of mid-and upper-level clouds is consistent with the association of these clouds with cyclonic activities. Lowlevel clouds form frequently above open leads.
Detecting the presence of cloud and retrieving cloud microphysical properties in the polar regions has been done by several investigators using visible and infrared techniques that include information on spatial coherence (Ebert 1989; Key 1990; Welch et al. 1992) , temporal coherence (Rossow and Garder 1993) , and near-infrared channels (Key and Barry 1989; Yamanouchi and Kawaguchi 1992; Raschke et al. 1992 ). Cloud detection and retrieval algorithms have also developed by Francis (1994) , Stubenrauch et al. (1999a,b) , and Scott et al. (1999) to assist the retrieval of temperature and moisture profiles in polar regions. An integrated retrieval system was developed by Key (2000) to retrieve multiple microphysical parameters of polar clouds. In an effort to derive surface temperature from infrared radiances, Comiso (1994) developed a statistical method to mask areas covered by clouds, and a technique has been developed to detect and classify clouds by observing reflected sunlight at several different viewing angles (Di Girolamo and Davis 1994) . In this study, we investigate the effects of clouds on satellite passive microwave radiances.
Over open-water regions, microwave data have been extensively used for cloud and precipitation studies (e.g., Kummerow et al. 1996; Petty 1994; Smith et al. 1994; Wilheit et al. 1977) . In the high latitudes of the North Atlantic, high-frequency microwave data from the Special Sensor Microwave Imager (SSM/I) and the Special Sensor Microwave Water Vapor Sounder have been used to study cloud liquid water and precipitation (both rainfall and snowfall) characteristics by Liu and Curry (1996, 1997) . They found that during winter, rainfall is observed mainly in regions where storms frequently pass; but snowfall is mostly observed in the regions affected by cold air outbreaks from the continent. They also found that the cloud liquid water path in the region north of 60ЊN is positively correlated to the northward water vapor flux associated with storm movements.
Over sea ice, microwave data have been traditionally used for sea ice concentration and type retrievals (e.g., Cavalieri et al. 1984; Comiso et al. 1991; Gloersen et al. 1992 ) because of the high microwave emissivity of sea ice in contrast to the low emissivity of open water. Although high-frequency variation of microwave brightness temperatures can be seen in consecutive scenes of satellite images (W. Rossow 1999, personal communication) , their magnitude and horizontal extent have not been analyzed quantitatively. Nor are there detailed studies investigating all the possible physical factors that could have caused the variation. Using airborne microwave radiometry measurements, Gloersen et al. (1973) and Gloersen and Campbell (1988) found that microwave brightness temperatures over sea ice in cloudy regions are higher than in clear regions. They interpreted the enhancement to be a result of the increase of surface temperature induced by radiation trapping and excluded the possibility of emission from cloud liquid water, citing the negligible liquid water content. The cloud effect has also been reported in backscattering signatures observed by synthetic aperture radar (Barber and Thomas 1998) over first-year sea ice although this effect is not significant over multiyear sea ice. The increase in backscatter coefficient under cloudy conditions is believed to be due to the temperature-induced changes in thermophysical properties of snow. However, as shown in this paper, surface-based radiometric measurements indicate that there is substantial liquid water in polar clouds even during the winter. The atmosphere, particularly cloud liquid water, may also be a significant contributor to the increase in upwelling microwave energy.
To increase the utility of satellite data in the Arctic, we investigate the cloud and precipitation signatures in satellite microwave measurements over a sea ice background. This study focuses on the magnitude and horizontal extent of these microwave cloud signatures, the possible causes, and the possibility of retrieving cloud and precipitation properties from them. Surface observations of temperature, radiation, cloud, and precipitation obtained during the Surface Heat Budget of the Arctic (SHEBA) experiment are used in conjunction with satellite data to investigate the contributing factors.
Data

a. SSM/I data
To identify the cloud signature in microwave observations, satellite data from SSM/I are used. The SSM/ I microwave radiometer aboard a sun-synchronous, polar-orbiting satellite measures brightness temperatures at 19.35-, 22.235-, 37-, and 85.5-GHz frequencies. All measurements are taken at dual polarizations except for 22.235 GHz, which has vertical polarization only. Over sea ice, the brightness temperature difference between horizontal and vertical polarizations is only several kelvin at 37 and 85.5 GHz; the inclusion of depolarization does not add more information to our analysis. So, in this study, we use vertical polarized brightness temperatures only. The spatial resolution is 15 km by 13 km at 85.5 GHz and 37 km by 29 km at 37 GHz. The swath width is 1395 km on the earth's surface, and the antenna beam intersects the normal to the earth's surface at an angle of 53Њ.
b. Ground-based observations at the SHEBA site
The SHEBA ) observations were taken from 30 October 1997 through 10 October 1998 and data from four winter months (1 November 1997 -28 February 1998 ) are used in this study. During the SHEBA experiment, surface and atmospheric parameters were measured in the vicinity of a research ship frozen in the ice that drifted in the Beaufort and Chukchi Seas. In our analysis, we compare the SSM/I brightness temperature with geophysical variables observed at the L I U A N D C U R R Y location of the SHEBA observation ship. The surface data used in this study include surface temperature, downward longwave radiation, cloud amount, radar reflectivity, daily snowfall accumulation, and cloud liquid water path.
Longwave radiative fluxes and surface temperature are measured by standard Eppley broadband (4-50 m) radiometers with an uncertainty of Ϯ5 W m Ϫ2 . A surface emissivity of 0.99 was used to convert infrared radiance to surface temperature (Claffey et al. 1999) . Comparison of several different methods of determining surface skin temperature suggests an uncertainty in the surface temperature of about 1ЊC. Cloud amount was visually observed by a surface observer twice daily. Snowfall collected by a snow gauge was normally inspected once per day at about 1000 local standard time and recorded as daily snowfall accumulation in millimeters (liquid water equivalent). Corrections for evaporation and wind-blowing snow are based on Goodison and Yang (1996) . Hourly averaged cloud radar reflectivity data (Intrieri et al. 2002) are used as a proxy of instantaneous snowfall rate. This vertically pointing radar operates at 35 GHz and has an observation range from about 0.1 to 15.1 km in the vertical. The uncertainty in reflectivity is about Ϯ0.5 dBZ, and the minimum detectable threshold is Ϫ49 dBZ at 5-km range. Cloud liquid water path is retrieved using the method of Liljegren (1994) from data of a ground-based dual frequency (23.8 and 31.8 GHz) microwave radiometer. The water path retrieved from the microwave radiometer does not include water from ice particles.
Microwave cloud signatures
The microwave cloud signatures can be identified in satellite microwave SSM/I data from both horizontal distributions of radiance maps over a large area and a time series of radiance variation at a single location. In this section, we show the phenomenology of these signatures in terms of magnitude, spatial scale, and association with weather phenomena.
a. SSM/I signatures over the Arctic basin during winter
We first examine the microwave signatures over the entire Arctic region observed from 1 December 1992 to 28 February 1993. Most of the polar oceanic region is covered by sea ice during this time of the year except for part of Greenland-Iceland-Norwegian (GIN) Seas where sea surface temperature is warm because of the North Atlantic Drift. In general, the spatial distribution of microwave brightness temperature is largely determined by the surface characteristics. For example, it is colder over multiyear sea ice in the central Arctic and over the snow cover of Greenland, warmer near the marginal sea ice regions. In comparison with the movement of atmospheric synoptic systems, the surface emissivity characteristics vary at a much slower rate, as does the mean pattern of the brightness temperature distribution. To extract the signature produced by synoptic weather systems, we use a brightness temperature anomaly defined by the difference between brightness temperature at a given time and its corresponding 15-day mean value at the same location. The reason for using a 15-day mean as background is that the brightness temperature variation associated with a cyclone's passage has a timescale of several days, and using a 15-day mean filters out lower-frequency variations associated with the emissivity change of sea ice surface. A similar approach that subtracts a long-time mean pattern to get cloud and rain signatures over complicated land surfaces has been used by Bauer et al. (2002) , Conner and Petty (1998) , and Prigent and Rossow (1999) .
Examination of the day-to-day brightness temperature anomaly distributions revealed that there were regions with large positive (warm) anomalies frequently observed during the winter months. For convenience, we refer to these regions as hot spots. Figure 1 shows the hot spots observed from 27 December 1992 to 2 January 1993 using brightness temperature anomalies at 85.5 GHz. The figure covers the region north of 70ЊN with the North Pole at the center. Each chart in the figure is a composite of the anomaly of 85.5-GHz brightness temperatures observed during 12 h centered at 0000 or 1200 UTC. Superimposed are the 850-hPa geopotential heights in solid curves and wind vectors from the European Centre for Medium-Range Weather Forecasts (ECMWF) analysis. Two hot spots can be identified in this sequence of charts. The first can be initially located in Fig. 1a near 70ЊN , 180Њ. It moved north, then northeast and was last identified in Fig. 1g near 83ЊN , 110ЊW. The second hot spot first appeared in Fig. 1g near 72ЊN , 15ЊW. It moved first northeast, then south, and eventually out of the domain of the chart. Comparing the location of the hot spot with the 850-hPa geopotential height field, it was found that both of the hot spots were in front of the 850-hPa lows and moved with the lows. In front of such low pressure systems, large-scale uplift is usually strong, and results in deep clouds and precipitation.
The brightness temperature variation in the 85.5-GHz imagery associated with the hot spots is substantial. The maximum brightness temperature anomaly near the center of the hot spots in the earlier examples is more than 30 K, while brightness temperature anomalies away from the hot spots decrease to less than Ϫ10 K. Therefore, this signature may be very useful if the causes of the brightness temperature warming are understood. The hot spots can also be seen in images of 37-GHz brightness temperature anomalies although only 85.5-GHz images are shown here. The pattern of the hot spots in 37-GHz images is similar to those in 85.5-GHz images; only the magnitude is about one-half of that at 85.5 GHz. Earlier investigators have also reported the enhancement of microwave brightness temperature under cloudy conditions. Gloersen et al. (1973) reported that brightness temperatures at 19.35 GHz observed from an airborne radiometer are about 8 K higher under cloudy conditions than under clear conditions. In a subsequent study, Gloersen and Campbell (1988) concluded that cloudiness helped the melting of sea ice during early summer because of radiation trapping.
The hot spots in microwave satellite data were observed frequently during winter months. Figure 2 shows a survey of the location and intensity of the hot spots observed from 1 December 1992 to 28 February 1993. The intensity is defined by the maximum brightness temperature anomaly (⌬T B ) at 85.5 GHz within a hot spot. In counting the hot spots, we generated two scenes per day using available SSM/I passes. Each circle in Fig. 2 indicates one hot spot per scene. Only the hot spots whose intensities are greater than 10 K are shown. We use 10 K as the minimum threshold because the extent of hot spots with smaller intensities is often not well defined. This survey shows that the majority of the hot spots were observed north of the Beaufort Sea or near the GIN Seas, where storms associated with low pressure systems are active (Serreze et al. 1995; Thompson and Wallace 1998; Walsh and Portis 1999) . This further indicates that the hot spots are directly associated with low pressure systems, and that the number and intensity of the hot spots are an indication of the frequency and intensity of storms in the Arctic region.
b. SSM/I signatures at the SHEBA site during winter
In this section, we examine how the SSM/I 85.5-GHz brightness temperatures sampled at the location of the SHEBA ship site responded to various variables observed at the surface using data for 1 November 1997-28 February 1998. The surface-observed variables include temperatures at the snow surface (T 0 ) and snowsea ice interface (T ice ), downward longwave (LW) radiation, cloud amount, daily snowfall accumulation, hourly averaged cloud radar reflectivity at 300-m altitude, and hourly averaged liquid water path (LWP). All these surface data are obtained from the SHEBA data archive. Time series of these variables are shown in Fig.  3 . The 85.5-GHz brightness temperatures shown in the figure are the average of those within 0.5Њ (lat-lon) of the SHEBA ship site. A value of less than 0 in the cloud amount chart indicates missing data.
The 85.5-GHz brightness temperature at the SHEBA site is seen to vary by tens of kelvins within several days. Corresponding to these brightness temperature changes, surface-observed variables have similar variations, except for the snow-ice interface temperature, T ice . The correspondence is particularly evident for surface temperature, longwave radiation, and radar reflectivity. Because of missing data, the cloud amount observation missed several snowfall events (e.g., day 35, and from day 86 to day 90). There are no liquid water path observations before day 34. Otherwise, the peaks correspond well with the increases in 85.5-GHz brightness temperature, as well as with other surface measurements. On several occasions, the retrieved liquid water path became as large as several hundred grams per square meter. For almost all snowfall events shown in Figs. 3e and 3j, we find an increase in brightness temperature in Figs. 3a and 3f . There is sometimes a time lag between the increase in 85.5-GHz brightness temperature and the daily snowfall accumulation. For example, on day 35 a heavy snowfall accumulation is recorded, but the 85.5-GHz brightness temperature did not show a large increase until day 36; neither do the other variables. The reason for this delay is not clear.
We further examine the correlation between brightness temperature anomaly and surface-measured variables using scatterplots and correlation coefficients as shown in Fig. 4 . Similar to the brightness temperature anomaly, the anomalies for downward longwave radiation and surface temperature are also calculated by the difference between an instantaneous value and its 15-day mean. Hourly data are used in the charts for longwave radiation, surface temperature, liquid water path, and radar reflectivity, and daily-averaged data are used in the charts for daily snowfall accumulation. All surface-observed variables shown in the scatterplot are significantly correlated with brightness temperature anom- aly at a 99% confidence level, although the correlation coefficient between brightness temperature anomaly and daily snowfall accumulation is small (0.32). It should be noted that daily snowfall accumulation accounts for snow that fell at any time during a day, while the satellite overpasses the observation site only two to four times during a day. The mismatch of sampling time between the two observations may have contributed to the low correlation. If the radar reflectivity at 300 m is used as a proxy of instantaneous snowfall, we found that its correlation with the brightness temperature anomaly is much better (0.59). This is an important finding because it opens the possibility of using satellite microwave data to estimate snowfall in the Arctic, which is a decisive parameter in the Arctic hydrological balance and the least measured. In Table 1 , the cross correlations among the observed parameters are listed. It is seen that radar reflectivity also has high correlations with surface temperature and downward longwave radiation.
Under cloudy conditions, downward longwave radiation increases, which in turn increases snow surface temperature (Overland and Guest 1991; Curry et al. 1997) . Snow surface temperature increases to balance the increased downward longwave radiation in the quasi-radiative-equilibrium system, and returns to the original surface temperature value (the local minima in the time series of Figs. 3a and 3f) once the sky clears. The good correlation between SSM/I 85.5-GHz brightness temperature and surface-measured parameters at the SHEBA site indicates that the short-term variations in brightness temperature are caused by cloud systems and confirms our conclusion that the hot spots in these polar regions result from clouds associated with synoptic systems.
Analysis of factors contributing to the hot spots
As shown in the previous section, the observed increase in microwave brightness temperature is coincident with the increase of cloudiness and surface temperature. Although the increases in surface temperature are a result of the cloudiness, the radiance received by a microwave radiometer on a satellite may have been affected by changes both in the atmosphere and at the surface. In this section, we examine factors that could have contributed to the microwave brightness temperature increase, namely, water vapor, cloud liquid water, cloud ice, falling snow, surface temperature, and surface emissivity.
a. Water vapor
In the polar region during winter, water vapor amount is low, and precipitable water is typically less than 10 kg m Ϫ2 . Our model calculations suggest that this small water vapor amount only contributes a few degrees (K) to the 85.5-GHz microwave brightness temperature. Figure 5 shows the time series of the 85.5-GHz brightness temperature anomaly (⌬T B85 ) averaged inside a circle of 2.5Њ (lat-lon) in diameter centered at 85ЊN, 0Њ, and 85ЊN, 180Њ during the three winter months starting 1 December 1992. In the same figure, the radiative transfer model-simulated ⌬T B85 by assuming that only water vapor varies is also plotted. The radiative transfer model of Liu (1998) is used in the calculations. The surface emissivity model is adapted from the empirical function by Grody (1993) for multiyear sea ice, which results in an emissivity value of ϳ0.7, similar to that determined by airborne radiometer measurements (Haggerty and Curry 2001). The water vapor profiles are from ECMWF analyses, which have 2.5Њ spatial and 12-h temporal resolution. It is seen that the observed ⌬T B85 has a much larger magnitude than the water vapor-induced ⌬T B85 . While the maximum peak-to-peak difference in the observed ⌬T B85 s exceeds 30 K in several cases, the difference caused by water vapor variation is smaller than 10 K except for one occasion on day 27 at 85ЊN, 180Њ, which is close to 10 K. More generally, the ⌬T B85 variance caused by water vapor variation is less than 5 K. Therefore, the water vapor contribution can only explain a fraction of the magnitude in brightness temperature variation.
Similarly, the time series of brightness temperature anomaly at 37 GHz, ⌬T B37 , is shown in Fig. 6 . The microwave signatures at 37 GHz are quite similar to those at 85.5 GHz except for ⌬T B37 being about onehalf of the magnitude of ⌬T B85 . The variation of water vapor amount has little effect on ⌬T B37 : 1 or 2 K at most as compared with the maximum peak-to-peak difference of 20 K in observed ⌬T B37 .
b. Cloud liquid water
As shown in Fig. 3 , surface-based measurements suggest a considerable amount of cloud liquid water in polar clouds even during winter when the temperature is mostly colder than Ϫ20ЊC throughout the atmosphere. Temperature inversions typically are present in the lower atmosphere, with the ice surface temperature colder than the lower atmosphere. Using an Arctic wintertime temperature and humidity profile from the ECMWF analysis, the variation of microwave brightness temperature with cloud liquid water path was simulated. The layer of cloud liquid water is assumed to be in the warm layer of the inversion. Again, the surface emissivity for multiyear sea ice is based on Grody (1993) , which is ϳ0.7 for 85.5 GHz and ϳ0.75 for 37 GHz. Figure 7 shows the simulated results of brightness temperature versus liquid water path. It is shown that cloud liquid water can increase the microwave radiation significantly. For example, a liquid water path of 50 g m Ϫ2 can increase brightness temperature at 85.5 GHz by 11 K and at 37 GHz by 3 K.
Since there is no liquid precipitation during the Arctic winter, the liquid water path reflects only cloud liquid water amount. A 50 (100) g m Ϫ2 liquid water path is equivalent to a liquid water layer of 0.1 g m Ϫ3 in cloud water content and 0.5 (1.0) km in cloud depth. These numbers are typical for low-latitude marine stratus (e.g., Zuidema and Hartmann 1995) . In Fig. 3 , the groundbased microwave radiometer measurements indicate that the hourly averaged LWP can be as high as several hundred grams per square meter at the SHEBA site. Although the accuracy of the LWP retrievals needs further investigation, the large value of LWP suggests the importance of the cloud liquid water contribution to the microwave brightness temperature anomaly. Given the high correlation coefficient (0.71) between brightness temperature anomaly and liquid water path as shown in Fig. 4 , it is plausible that the cloud liquid water contributes at least partially to the brightness temperature variation. This cloud liquid water effect has not been considered by previous investigators (Gloersen et al. 1973) .
c. Cloud ice and snowfall
It is common knowledge that low pressure storms in high latitudes are associated with cloud ice and snowfall. Scattering by snowflakes may become strong enough to alter the upwelling microwave radiance, especially at 85.5 GHz. However, ice scattering acts to lower the upwelling brightness temperature instead of increasing it. Our estimate using the radiative transfer model shows that an ice water path of 500 g m Ϫ2 in cloud ice/snow reduces the 85.5-GHz brightness temperature by about 5 K. A recent study by Bennartz and Petty (2001) indicated that the brightness temperature depression could be as large as 20 K. In any case, cloud ice and snowfall decrease the upwelling microwave radiation and cannot explain the brightness temperature increase. The significant correlation between brightness temperature anomaly and near-surface radar reflectivity-daily snowfall accumulation does not directly result from falling snow. Rather, it is an indirect result from the fact that both brightness temperature and snowfall vary with cloudiness.
d. Surface temperature
As shown in the previous section, snow surface temperature also increases substantially with cloudiness, which has also been reported by previous investigators (Gloersen et al. 1973; Overland and Guest 1991; Curry et al. 1997; Barber and Thomas 1998) . The magnitude of this surface temperature increase is as much as 15-20 K, comparable to the observed brightness temperature increase at 85.5 GHz. If the snow surface were a blackbody at microwave wavelengths, the microwave brightness temperature increase could have been readily explained by the surface temperature effect. Gloersen et al. (1973) and Gloersen and Campbell (1988) concluded that the microwave brightness temperature enhancement is indeed due to this phenomenon.
However, accumulated snow on sea ice is not a blackbody in the microwave region, especially if the snow is dry, as it is in midwinter. Although there may be significant emission from the snow layer at 85.5 GHz, the major effect of dry snow on microwave emission at frequencies lower than 37 GHz is scattering, that is, reducing upward radiation from the underlying sea ice (Ulaby et al. 1981) . Therefore, the increase in snow surface temperature can only partially be converted to the increase in brightness temperature because the emissivity of the snow layer may be well below 1. Additionally, the maximum increase in surface temperature due to downward longwave radiation occurs near the skin layer of the surface, while the penetration depth of microwaves is much larger. Table 2 shows the penetration depth for 85.5 and 37 GHz over sea ice and dry snow cover, calculated following Ulaby et al. (1981) without including scattering effects. Over dry snow, the penetration depth exceeds 25 cm at 85.5 GHz and more than 100 cm at 37 GHz. Therefore, even if the snow layer emits significant amount of microwave energy, its effective temperature should be the weighted average of temperatures within a layer tens of centimeters thick (weighted more heavily by temperatures closer to the surface). Because the temperature deep within the snow is less affected by cloudiness (see T ice in Fig. 3 ), particularly over multiyear sea ice (Barber and Thomas 1998) , the variation of brightness temperature caused by the temperature change of the snow layer should be smaller than the change of the snow surface temperature itself. It should be mentioned here that the penetration depth at 85.5 GHz calculated in this study contains uncertainties because the dielectric constant of snow is essentially unknown at this frequency but is extrapolated from lower frequencies.
In conclusion, although snow surface temperature increases at a similar magnitude to that of brightness temperature, the Ͻ1 emissivity and the large penetration depth for the dry snow layer do not seem to support the idea that increases in microwave brightness temperature are solely caused by the increases in snow surface temperature. The surface temperature effect may, however, be one of the important contributors to the hot spots given the good correlation between microwave brightness temperature and snow surface temperature as shown in Fig. 4 .
e. Surface emissivity
Storms affect surface emissivity characteristics in the following three ways: 1) providing fresh snow on the ground, 2) changing surface roughness by blowing snow, and 3) creating open leads by wind stress. Open leads change the upward microwave radiation because of the different temperature and emissivity between leads and snow-covered ice. However, the area fraction of leads in Arctic winter rarely exceeds 0.5% (Curry and Webster 1999) . Assuming the open leads to have a temperature of 273 K and an emissivity of 0.6 (typical for water at 85.5 GHz) surrounded by multiyear sea ice with temperature of 230 K and emissivity of 0.7, the presence of leads raises brightness temperature by less than 1 K if its area fraction is less than 1% within a satellite footprint. Therefore, the open leads' contribution is not significant for the winter season although it becomes important during melting seasons when the open-water fraction increases dramatically. Strong wind makes snow layers thicker in some areas and thinner in other areas. Where the snow layer is very thick, the observed radiation comes primarily from the snow. Where it is thin, the radiation may come primarily from the sea ice that may be initially somewhat warmer than VOLUME 42 the snow-covered surface (see Fig. 3 ). It is unclear how big this wind effect is on brightness temperature. Future ground-based in situ studies are necessary for a more quantitative assessment. In addition, analyzing coincident synthetic aperture radar and SSM/I data for better understanding of the surface roughness and open leads effects is also desirable in future studies.
f. Summary of the affecting factors
The relative importance of the factors discussed above is summarized in Table 3 . Of the possible causes of the microwave hot spots, cloud liquid water and surface temperature are the most important, although no one factor seems to dominate. We hypothesize that the increases in microwave brightness temperatures associated with cyclonic storms are largely a result of a combination of these two factors. An interesting point is the suggestion of a large amount of cloud liquid water in the cold environment. If one-third of a 30 K increase in 85.5-GHz brightness temperature is caused by cloud liquid water, the liquid water path should be approximately 50 g m Ϫ2 , which is considered an extremely large value given the cold temperatures during the Arctic winter. The presence of significant liquid water in Arctic winter clouds is further supported by ground-based microwave observations at the SHEBA ship site (Fig. 3) , which suggests that hourly averaged liquid water path can be as large as a few hundred grams per square meter.
Conclusions
In investigating the satellite microwave signatures over snow-covered sea ice in the Arctic region, it is found that brightness temperatures at 85 GHz vary by more than 30 K over 1 or 2 days. This variation can be seen in horizontal brightness temperature distributions over a spatial scale of hundreds of kilometers, as well as in the brightness temperature time series observed at a single location at the SHEBA ship site. Analysis of satellite observations from December 1992 through February 1993 showed that such brightness temperature warming frequently occurs in the Arctic Ocean, particularly over the regions where low pressure systems often pass. By comparing the microwave brightness temperatures with surface observations and ECMWF analyses, it is found that the warming is associated with clouds and precipitation formed by low pressure systems. This finding leads us to suggest the use of satellite microwave signature to assess clouds, snowfall, and storm activity in the Arctic region.
Factors contributing to the brightness temperature increase have been examined, including water vapor, cloud liquid water, cloud ice/snow, and surface temperature and emissivity. While the microwave brightness temperature warming is associated with cloudiness, the extra radiance that causes the warming comes from both the atmosphere and the surface. The atmospheric effect is due to cloud liquid water emission and the surface effect arises from the cloud-induced longwave heating to the snow surface. It is concluded that cloud liquid water and an increase in surface temperature are the main contributors to the observed microwave brightness temperature warming. One of the interesting implications of the large brightness temperature increase is the indication that a significant amount of cloud liquid water exists in the polar clouds even during winter. A rough estimate suggests that it could reach 50 g m Ϫ2 or higher at satellite pixel scale (ϳ15 km) in some cases. Ground-based radiometer observations also indicate that the liquid water path can be as large as several hundred grams per square meter, which further emphasizes the importance of cloud liquid water in contributing to the microwave brightness temperature increases.
The hot spots are clearly associated with synoptic storms. Therefore, by utilizing the microwave signature, it is possible to study the track, frequency of occurrence, cloud liquid water path, and precipitation of storms in the Arctic region, which is of great importance in Arctic climate research (Maslanik et al. 1995) . Additionally, storms originating at low latitudes transport water vapor and heat to the Arctic region (Overland and Guest 1991; Groves 1999; Liu and Curry 1996; Serreze et al. 1995) . Studies on the frequency and movement of storms could assist in determining energy and water budgets in the polar region. Furthermore, the significant correlation between brightness temperature anomaly and near-surface L I U A N D C U R R Y radar reflectivity-daily snowfall accumulation suggests the potential use of microwave signature to estimate snow precipitation over the polar region, which is largely unknown over the basin scale.
